Abstract-This paper describes the theory and experimental data for a piezoresistive low-pressure sensor featuring a variety of advantages due to a novel design. The objective of this development was a sensor with high sensitivity, high overload concepts, the sensor developed for the pressure range of 10 kPa exhibits an excellent sensitivity: S = 35 mV/V FSO (Full Scale Output) and nonlinearity: NL < &0.05%. The sensor's theoretical characteristic was confirmed by measurements on manufactured pressure sensors.
T sensors is growing due to the constantly increasing applications for microprocessors in metrology and control systems engineering [ 11. Silicon technology has been widely employed to meet this growing demand. A "conventional" piezoresistive micromachined design uses a silicon diaphragm in the form of a flat plate (square, rectangular, round) with four piezoresistive elements arranged in a Wheatstone bridge. In the medium-pressure range this design has been very successful. The sensors show a nonlinearity of approximately +O. 1 % with a sensitivity of about 20-40 mV/V FSO (Full Scale Output).
However, in the low-pressure range these sensors can only be produced via a compromise between sensitivity and nonlinearity. The reason is a stretching of a neutral plane of the diaphragm that increases in the low-pressure range [2]- [4] . When bossed diaphragms are used [5] -[ 141 the nonlinear pressure dependence of the sensor output signal can be reduced.
OPTIMIZATION OF THE SENSOR DESIGN
A piezoresistive pressure sensor can be described by three blocks. These blocks are the diaphragm, the piezoresistors, and the Wheatstone bridge. The first block converts the pressure into mechanical stress, the second block converts this stress into resistance change, and the final block converts the resistance change into the output voltage. In this block diagram stresses induced by the pack- Detailed calculations on rectangular and circular diaphragms with and without a boss by extending the existing theory led to the result that a bossed square diaphragm, as shown in Fig. l , has decisive advantages [7] , [15], e.g., high sensitivity and simultaneous low nonlinearity as well as reduced influence of process fluctuations on the output characteristics of the sensor.
High sensitivity of the sensor output signal requires a chanical energy stored in the diaphragm is primarily focused on the two sectors at the ends of the boss. The pinarrow boss in the diaphragm center. As a result, the me- ezoresistors are located in these two sectors.
A nonlinear analytical theory for calculating the deformation and stress in the bossed square diaphragm is derived. For a theoretical consideration, the bossed square diaphragm is approximated by a plate stripe extended infinitely in one direction, as depicted in Fig. 1 . Thus the three-dimensional problem can be reduced to two dimensions. The stress calculated via this idealized assumption is too small, since the real diaphragm and the idealized plate stripe show different deflections. However, the boss deflection of the idealized plate stripe can approach that of the real diaphragm by variation of pressure p1 in the area of the plate stripes boss. This variation can be carried out by a linear calculation.
The deflection of the plate stripe can be determined by the following equation [ 171 :
equation is obtained for a mathematical description of the bossed plate stripe:
The solution of this differential equation with the boundary conditions
leads to the normalized deflection W = w / h of the plate stripe
[O I x 5 11.
(7)
For the cross section through the plate stripe extended infinitely into the y direction depicted in Fig. 2 , the following equation can be provided for the bending moment per unit width:
In order to take the stretching of the neutral plane into account, a force per unit width K, is introduced at the clamping edges of the bossed plate stripe. If the bending moment is entered into (l), the following differential This equation consists exclusively of normalized quantities (see Nomenclature). The quantity ''U" is a measure for the membrane stress U",, = K,/h occurring in the plate stripe.
u,,,(X) = u2E/(3(1 -v2)L2).
(8)
The membrane stress results from the stretching of the neutral plane and is constant over the diaphragm thickness. Equating the two mathematical expressions for the strain in the neutral plane, which are obtained from the arc length (assumption: the strain of the neutral plane is constant along the x coordinate) on the one hand, and via Hooke's law on the other, the quantity "U" can be deter- 
An expression for the bending stress ub,,(X, Z) can be obtained from equation (2) ub,,(
The total stress in the x direction is the sum of the bending (1 1) The lateral strain in the y direction must be zero in order to maintain continuity in the plate stripe during the bending. Therefore, the stress ub,,(X, Z) can be determined by the following equation
ub,y(x, 2 ) = vub,,,x(x, 2).
(12)
F o r p l = p in the boss area of the idealized plate stripe, the solution for the plate stripe results in lower deflections than those occurring in the real bossed diaphragm. With a variation of the pressure p1 in the boss area of the plate stripe, the deflection of the boss in the plate stripe, can approach the deflection of the boss in the real diaphragm. The pressurep, can be determined via a linear theory. For a square diaphragm with rectangular boss the pressure ratio P I = pI/p can be calculated according to the following equation [ 151 :
(13) The factorfin this equation was determined by means of linear calculation via the finite-element method of mechanics with commercial software TPS 10. The calculation was carried out with a two-dimensional linear method using plates. The insulators on the diaphragm were not included in the computation. On an IBM PC the computation required 2 h 10 min. If a rectangular diaphragm with increased edge length in the y direction (see Figs. 1  and 2) is used, the factorfshows only a slight dependence on the edge length [ 151.
Based on the design shown in Fig. 1 , the mechanical stresses and the nonlinearity were determined depending on the boss length for the following geometrical dimensions: 3 depicts the mechanical stresses a, and um,, at two points xl, x2 (see Fig. 1 ). According to (1 l), the bending stress ob,, is the difference between the total stress U, and the membrane stress um,,. The figure shows that mechanical stress and, therefore, sensitivity can be increased by using the bossed diaphragm. The maximum mechanical stress results for a ratio Zl/Z0 = 0.73.
The curves in Fig. 4 show the nonlinearity of the total stress U,. The nonlinearity was determined by the maximum deviation from a straight line fixed at the two points p = 0 and p = p R (rated pressure) related to the span (a(p&u(O) ). The figure shows that the nonlinearity of the mechanical stress can be reduced significantly by the application of the bossed diaphragm. In the range of ZI / l o = 0.57 a change occurs in the sign of the nonlinearity for the positive stresses. In this range, the pressure dependence of the mechanical stress U, displays an S-shaped course. For Zl/Zo < 0.57 the negative curvature and for ZI / l o > 0.57 the positive curvature determine the nonlinearity.
IV. EXPERIMENTAL DETERMINATION OF THE
PIEZORESISTIVE EFFECT The realization of low-pressure sensors with good linearity requires knowledge of the piezoresistive effect in addition to the pressure dependence of the mechanical stress [ 181, [ 191. The dependence of the piezoresistive effect was determined by experiments. For this purpose, a special setup was produced, which made the measurement of the effect possible imposing a deflection by hanging a weight on a cantilever. Both longitudinally and transversally arranged p-type resistors have been studied.
The relative changes of the resistance measured for the longitudinally and transversely arranged p-type resistors are depicted in Fig. 5 depending on the mechanical stress. The technological process was identical to that for the realized sensor without performing the back etching (see Table I ). In addition, the implantation dose was varied in the range of 2.5 X lOI4 cm-2 to 2.5 x 1015 cmP2. For each implantation dose we measured four samples. The accuracy for A R / R was better than 1 f 4 x lop4 1.
Whereas the longitudinal effect can be described by a polynomial of the third order, for the transverse effect a polynomial of the second order is sufficient [3] , [ 151. Although the transverse effect features a higher nonlinearity, four transversally arranged resistors, which were connected to a Wheatstone bridge, were used for the realized sensor design. For a range of the implantation dose from 5 X 1014 to 2.5 X lOI5 cm-2 this polynomial describes the effect for positive as well as negative mechanical stresses using identical coefficients. For a current supplied Wheatstone bridge, the nonlinearity contribution of the piezoresistive effect can be compensated with the chosen resistor arrangement depicted in Fig. 1 . In order to reduce the temperature coefficient of the offset, we have selected an implantation dose for the realized sensor of 7 x 1014 cm-2, where the temperature coefficient and its fluctuations are close to a minimum according to the experimental investigations. For the used process (see Table  I 
Coefficients of higher order for the longitudinal effect (ab,y) can be neglected in this equation. Fig. 6 , a sensor for a nominal pressure range of f 1 0 kPa was manufactured. For the length of the boss a value close to the maximum of the mechanical stress (see Fig. 3 ) was selected: ZI = 2.84 mm.
With the exception of the three-dimensional structuring, the technological realization of the sensor was carried out by means of processes conventionally used in semiconductor technology. Table I gives an overview of the technological process. According to process simulations with ICECREM the depth of the p-n junction of the piezoresistors is about 1 pm. The accuracy of the simulation is f0.2 pm. In the diaphragm area the field oxide was replaced by a passivation consisting of a dry oxide and a LPCVD Si3N4 sandwich layer. The hydrogen content of the plasma nitride was 15% measured by ERD (elastic recoil detection). The plasma nitride was removed from the diaphragm area by plasma etching. The resjdual thickness of the remaining LPCVD nitride is 900 A f 50 A . The diaphragm area was fabricated by a two-step etching process. The anisotropic pre-etching in KOH / H 2 0 etching solution was followed by an isotropic electrochemical etching process in HF. The isotropic electrochemical etching process rounds off the edges after the anisotropic KOH etching process and it stops on the n-type epilayer. The reduction of the notch effect due to the rounded off edges of the diaphragm increases the overload range. With the help of the electromechanical etch stop, an accuracy of f0.5 pm can be achieved for the diaphragm thickness.
VI. EXPERIMENTAL RESULTS
The theoretically determined sensor characteristic was experimentally verified on pressure sensors fabricated in the manner mentioned above. The theory could be confirmed by the experiment, as can be seen from Fig. 7 where the measured and calculated nonlinearity of the output voltage of the current supplied Wheatstone bridge is shown. According to Fig. 1 the pressure input from the front is defined positive. The discrepancy between theory and experimental data results from the assumptions made for the nonlinear theory for the bossed square diaphragm (two-dimensional model, assumptions in (6), (9) , and (13)). The influence of the used passivation, the packaging-induced stresses, and the voltage coefficient of resistance on the nonlinearity can be neglected for the design Wheatstone bridge, an additional nonlinearity contribution of the piezoresistive effect is added to the diaphragm's nonlinearity contribution. For 10 kPa it is in the range of -0.05 % . The measured data of the realized sensors are summarized in Table 11 . and the used process. For the dependence of the resistance changes on the stress according to (14) , the nonlinearity contribution of the piezoresistive effect can be completely compensated using a current-supplied Wheatstone bridge. The current-supplied Wheatstone bridge reflects the nonlinear pressure dependence of the mechanical stress in the bossed diaphragm. In the case of a voltage-supplied VII. CONCLUSION In comparison to other designs of piezoresistive pressure sensors, the sensor discussed in this paper offers marked advantages as a consequence of the application of a bossed square diaphragm with resistors subjected to transversal load. Compared to the bossed circular dia-phragm [9] and single-as well as double-bossed square linearity for the presented sensor is about 3.5 to 20 times [ 
